
I 




NASA TECHNICAL 

MEMORANDUM 


NASA TM X- 73.199 


s 


n 




>< 

S 


< 

z 


ANALYSIS OF TURBOFAN PROPULSION SYSTEM WEIGHT 
AND DIMENSIONS 


Mark H. Waters and Edward T. Schairer 


Ames Research Center 
Moffett Field, California 9403^ 


January 1977 

f;,:. RECEIVED ; 

V"?--' CTi cAr'ii J 

iiiM6i~ia~X-7Jl9S) AhhL13ZS OF iUxiBOfiih N77-1'90b9 

EbOtUiblCll axsiih (iJiliitjI and DIMENilCNS 
(NASA) o:) p Kt A0<+/Mf AOl CSCi 21E 

Uncici:? 

GJ/07 20i>92 




1. Roport No. 

NASA TM X-73,199 

2. Gwtmmwit Rccwiiow No. 

3. Recipient '1 Ca:^log No. 

4. TitN and Subtitla 

ANALYSIS OF TURBOFAN PROPULSION SYSTEM WEIGHT 

S. Report Date 

AND DIMENSIONS 



6. Performing Orginiiatton Code 

7. Author(s) 

Mark H. Waters and Edward 

T. Schairer 


8. Performing Orgeniiation Report No 

A-6890 




10. Work Unit No. 


0. Reforming Orgviitation Namt and Addra» 



791-40-03 


Ames Research Center 
Moffett Field, Calif. 94035 


11. Contract or Grant No 




13. Type of Report and Period Covered 

12. Sponaoring Agancy Nama and Addran 



Technical Memorandum 

NatiO' 'll Aeronautics ana bpace Aaministration 
Washington, D.C. 20546 

14. Spomoring Agency Code 

15. Suppiamantary Notat 

16. Abstract 





An important factor often overlooked in aircraft preliminary design 
studies is the tradeoff that exists in propulsion system weight and size. 

This is an even more important factor when there is an emphasis on reduced 
aircraft noise. Engines designed specifically for low noise may have signif- 
icant penalties in propulsion system weight and size. The objective of this 
paper is to summarize weight and dimensional relationships that can be used 
in aircraft preliminary design studies. These relationships must be rela- 
tively simple to prove useful to the preliminary designer, but they must be 
sufficiently detailed to provide meaningful design tradeoffs. All weight and 
dimensional relationships will be developed from data bases of existing and 
conceptual turbofan engines. The total propulsion system will be considered 
including both engine and nacelle, and all estimating relations will stem 
from physical principles, not statistical correlations. 

17. K«y Wordi (Suggmd by AuthorliU 


18. Oiftribution Stattmtnt 


Propulsion weight 
Turbine engines 
Transport aircraft 


Unlimited 

STAR Category - 07 

19. Smrity Qaalf. <of tbit rtporti 

Unclassified 

20. SwuHty CMf . (of tbit pigil 

Unclassified 

21. No. of Paget 

65 

22. We»* 
$4.25 


'For ) 4 tt by tho Natiorwi Ttchnical Information Sarvict, Springfiald, Vir 9 inia 22161 




SYMBOLS 


A 

B 

s 

D 

f 

FPR 

8 

AH 

h 

J 

k 

L 


M 


N 

n 

OPR 

P 

T 

t 

V 

W 

Wa 

Wff 

y 

T 


area, (ft^) 
bypass ratio 

specific heat at constant pressure, 

diameter, in (ft) 

fuel-air mass ratio 

fan pressure ratio 

acceleration of gravity, 9.9 m/sec^ 

enthalpy change, ^ 

hub diameter, m (ft) 

constant, 778 BTU/ft-lb 

constant 

length, m (ft) 

Mach number 

number; rotor speed, rpm 
constant 

overall pressure ratio 

total pressure, N/m^ (Ib/ft^) 

thrust, N (lb); total temperature, 

tip diameter, m (ft) 

velocity, m/sec (ft/sec) 

mass, kg (weight, lb) 

airflow, kg/sec (Ib/sec) 


joules / BTU \ 
kg “K \lb “R/ 


(32.2 ft/sec2) 


*K (“R) 


kg 

mass flow function, 

N sec 

ratio of specific heats 


lb -r^/2 

, lb sec 



see eq. 


( 10 )) 


see equation (AlO) 


iii 



\ 


diffuser half angle, deg 
A turbine stage loading parameter (see eq. (Al)) 

r, isentropic efficiency 

Subscripts 

C compressor, core cowl 

CX core exhaust 

E engine 

F fan face, fan 

FX fan exhaust flowpath 

H hub 

HPT high-pressure turbine 

I inlet 

LPT low-pressure turbine 

SLS sea level static standard day 
STG stages 

T total; turbine 

TIP rotor tip 

Superscript 

average value 


iv 



f 




ANALYSIS OF TURBOFAN PROPULSION SYSi’EM WEIGHT AND DIMENSIONS 
Mark H. Waters and Edward T. Schairer 
Ames Research Center 


SUMMARY 


An important factor often overlooked in aircraft preliminary design 
studies is the tradeoff that exists in propulsion system weight and size. 

This is an evert more important factor when there is an emphasis on reduced 
aircraft noise. Engines designed specifically for low noise may have signif- 
icant penalties in propulsion system weight and size. The objective of this 
paper is to summarize weight and dimensional relationships that can be used 
in aircraft preliminary design studies. These relationships must be rela- 
tively simple to prove useful to the preliminary designer, but they must be 
sufficiently detailed to provide meaningful design tradeoffs. All weight and 
dimensional relationships will be developed from data bases of existing and 
conceptual turbofan engines. The total propulsion system will be considered 
including both engine and nacelle, and all estimating relations will stem from 
physical principles, not statistical correlations. 


INTRODUCTION 


There are several aspects of the cycle selection, design, and installa- 
tion of the turbofan propulsion system that should be considered in the pre- 
liminary design of transport aircraft. This is particularly true if the 
analyst has the freedom to select the engine cycle and size rather than deal- 
ing with existing turbofans that are in production or under development. 

Cruise fuel consumption and engine weight are the most obvious parameters 
of interest. However, the geometry of the engine — frontal area and length ~ 
is also important since it has a direct bearing on the nacelle design. Nacelle 
weight (including the thrust reverser) and drag (spillage, cowl, friction, and 
boattail) are directly influenced by the engine geometry; unfortunately, the 
overall propulsion system weight tradeoffs with engine fuel economy and nacelle 
drag are sometimes overlooked. 

Recent studies of commercial air transports have frequently evaluated 
aircraft noise. Jet noise is best controlled by the cycle selection that 
reduces the core jet velocity. The alternative is a mechanical suppressor. 

More important for the higher bypass ratio turbofan engines is fan noise, 
which is controlled primarily by reducing the fan tip speed and/or installing 
acoustic treatment material in the inlet and fan exhaust ducting. All of 
these cycle and design alternatives affect both engine weight and geometry, 
and, in the case of acoustic splitters in the fan inlet and exhaust, engine 
performance. The various tradeoffs between noise, <.ngine weight, and size are 
difficult to evaluate in preliminary design and are frequently overlooked. 



Finally, there is an emer.^ing understanding of the design tradeoffs 
between engine performance and weight and engine maintenance requirements. 

To reduce engine weight and size for a given thrust, there has been a long- 
standing effort to increase the turbine inlet temperature in turbine engines, 
which increases specific thrust (thrust/airflow). Short duration takeoff 
ratings and flat ratings to maintain takeoff thrust on hot days are common- 
place in all modern turbofan engines. However, engine deterioration can be 
traced to the number of high temperature cycles experienced by the engine; 
from the standpoint of lifetime airline costs, it may be desirable to sacri- 
fice engine peak thrust performance to reduce the number of engine removals 
for maintenance. Any reduction in specific thrust, of course, increases 
weight and size. This problem is discussed in reference 1, but in the opinion 
of the authors, considerably more evaluation of modern turbofan engine life- 
time maintenance requirements is needed before this tradeoff can be understood 
and applied in preliminary design studies. 

The objective of this paper is to summarize turbofan propulsion system 
weight and dimensional relationships that can be used in preliminary transport 
aircraft design studies. The type of propulsion system considered is the 
modern turbofan engine having axial flow compressors and installed in pod-type 
nacelles. The total propulsion system is considered, including both engine 
and nacelle. All estimating relations stem from physical principles, not 
statistical correlations. 


DATA SOURCES 


The production engines used in this study are listed in table 1, .'^long 
with the pertinent weight and geometric data used for each. A study of this 
nature depends greatly on accurate data sources; thus, references 2-19 are 
noted throughout this table to identify our sources. Two conceptual engines, 
the Pratt and Whitney STF 477 and an undesignated General Electric engine, 
both recently completed in studies for NASA (refs. 20 and 21), have been 
included in this study. The data for these engines are also noted in 
table 1. 

Propulsion system data from the NASA-sponsored Quiet Clean Short Haul 
Experimental Engine Study Program (QCSEE) have been used extensively in this 
study. In task 1 of the QCSEE study program, one of the contractors, Detroit 
Diesel Allison, Division of General Motors, developed a broad data base of 
candidate engine performance, weights, dimensions, noise, and costs. Table 2 
lists the conceptual engines and the distinguishing cycle parameters for each. 
The Allison designr*cions for the engines have been preserved. More details on 
these study engines can be found in reference 22. 



ENGINE DRY WEIGHT 




Specific Weight 

The most common measure of basic engine weight (frequently referred to 
as dry weight) is the engine specific weight. This parameter is defined as 
the engine dry weight divided by the maximum rated thrust at sea-level static 
conditions. The obvious advantage of this parameter is its simplicity — 
weight is tied directly to the rated thrust of the engine. However, the 
engine flow passages are sized by air flow and the thermodynamics in the 
engine; thus, specific weight is clearly coupled to the engine cycle through 
the specific thrust parameter. 


In addition to this connection with the cycle, specific weight tends to 
scale with engine size. An elementary analysis highlights this point: assume 
engine weight W scales with the cube of the characteristic dimension D, and 
thrust T scales with the square of D. 


W = 

T = k202 
I = kjD = k^/f 

• /Fir 

(W/T)i /^2/Ti 


( 1 ) 

( 2 ) 

(3) 

(A) 


Thus, specific weight scales with the square root of rated thrust. This is 
commonly referred to as the "three halves" law. 

A more general analysis fellows: 


W = kio" 

T = kaD^ 

. (W/T)2 _ 

(W/T)i ' 

Obviously If n = 2, specific weight is independent of thrust. 

The data in figure 1 are specific weight values for commercial turbojet 
engines (bypass ratio = 0). Also shown are a family of straight lines which, 
on the log-log plot, correspond to values of the exponent n from 2.0 to 3.0 
(Note that the line for n = 3.0 plots very nicely through these data.) 

Thus, turbojets appear to follow the three-halves law closely, at least over 
the thrust range shown. 


(5) 

( 6 ) 

(7) 
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More recent commercial turbofan engines are plotted log-log on figure 2. 
These data are grouped into low bypass ratio turbofans (bypass ratio less 
than 2,0) and high bypass ratio (bypass ratio greater than 4.0 but less than 
8.0). Although there is scatter in the data, a reduction in the scaling 
sensitivity with higher bypass ratio turbofans is obvious. From this it 
appears that the specific weight for the high bypass ratio turbofans is inde- 
pendent of thrust size, again over the thrust range shown. 

Figure 3 is a cross plot of figure 2, which approximates the scaling 
exponent n with the engine bypass ratio at sea-level static conditions. 

The band is shown rather than a single curve, but the lower curve seems the 
most realistic. No extrapolation below n = 2 is shown, but it is conceiv- 
able that very high bypass ratio turbofans could scale to reduced specific 
weight in the range of thrust ratings given. 

Also shown on figure 3 are values of minimum thrust for scaling purposes. 
It is obvious that this simple scale effect will not continue to be valid for 
engines of smaller and smaller sea-level thrust levels. There are many pos- 
sible reasons for this trend. For example: the design of parts for small 

engines is affected by minimum gauge requirements of the materials; if blade 
weights no longer scale in proportion, then hub-tip ratio increases to keep 
hub stresses tolerable, thus decreasing the weight flow per unit area and 
increasing specific weight; accessory systems may not scale as the gas gener- 
ator and thus become a larger percentage of the weight for small engines; 
compressor and turbi.ie efficiencies decrease due to the boundary layer prob- 
lems in small passages. For these and for other reasons, one can predict 
that there will be some engine scale size where the engine specific weight 
is a minimum. 

Thus, the two curves on figures 2 and 3 form the basis of a simple model 
to predict and scale turbofan engine specific thrust. Assuming that the tech- 
nology level of the engine is approximately the same, and the cycle does noL 
go to bypass ratios greater than those shown, this model may be adequate for 
preliminary design purposes. However, for advanced concent studies, a more 
detailed evaluation of the engine dry weight is desirable. 

Reference 23, an excellent evaluation of turbofan engine weight, demon- 
strates how the airflow can be used to estimate engine weight. This is quite 
logical since component sizes are keyed to the design point airflow. The 
ratio of thrust to weight is then computed using standard cycle analysis to 
compute specific thrust : 

Thrust/Weight = (Thrust/Airf low) / (Weight/Airflow) (8) 


Scaling of Engine U^ight With Airflow 

The parametric engine data developed by Allison in the QCSEE study 
afford a unique opportunity to evaluate turbofan engine weight trends with 
airflow because there is a relatively large data sample for different cycles 
and thrust levels. Also, the sample is consistent in terms of the design 
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assumptions and weight accounting. To keep the weight estimating model versa- 
tile and yet simple enough to be usable, the turbofan dry weight is broken 
into three components: 

Fan weight - which includes both the fan section and the low-pressure 
or fan turbine section. The fan section includes the fan rotor, fan 
housing, and forward support. The low-pressure turbine section includes 
the transition ducting between the high- and low-pressure turbines, low- 
pressure turbine rotor, low-pressure turbine case and vanes, and rear 
bearing support. Although none of the study engines had booster stages 
on the low rotor spool, these would be included with the fan system 
weight. 

Cove weight - which includes the compressor rotor, case and vanes, 
combustor-diffuser and burner, high-pressure turbine rotor, case and 
vanes. 

Remaining weight - which includes the fuel system, lubrication system, 
ignition system, bleed air system, controls, accessory gearbox, fan 
gearing assembly and mounting system, and engine building items such as 
the constant speed drive limit, hydraulic pump, starter, generator, etc. 

Each of these three categories is correlated with airflow with the intention 
of developing a logical way of building up an estimate of engine weight based 
on engineering principles. 

Figure 4 correlates fan weight with the total airflow pumped through the 
fan. The symbols on the figure relate to the study engines tabulated in 
table 2. Three thrust ratings are included for each engine cycle: 35,584, 

88,960, 133,440 N (8,000, 20,000, and 30,000 lb) sea-level static standard 
day thrust. The correlations include fan tip speed and first stage hub-tip 
ratio, which are both factors in the stress in the fan blade root created by 
centrifugal force. Also included in the correlation are the number of stages 
in the fan plus the low-pressure turbine. (Low-pressure booster stages 
would also be counted here.) Figure 4 is a log-log plot and care has been 
taken to plot a straight line through each set of three points. The equation 
for these lines is noted on the figure. 

The correlation appears reasonably good over a range of airflow from 
90.7 to 771 kg/sec (200 to 1700 Ib/sec). Obviously, to be useful, reasonable 
estimates for the various factors in the correlations must be made. An appen- 
dix in this report summarizes engine design data (such as tip speeds and hub- 
tip ratios) which are necessary to apply the correlations developed here. 

Also given in the appendix are the procedures for calculating the number of 
compressor and turbine stages. 

The correlation for the core engine weight is shown in figure 5. Here, 
the correlation includes only the number of stages in the compressor and high- 
pressure turbines. The independent parameter is core airflow, which is cal- 
culated directly from the total air flow and the bypass ratio B: 
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(9) 


! 

\ 


Wa„ 


Wa, 


1 + B 


The correlation is not as good as that for the fan weight, and obviously 
more geometric factors could be included to improve it. However, the corre- 
lation appears to be acceptable for the purpose of preliminary design esti- 
mating. Again, a log-log plot has been used, and the equation is noted on 
the figure. 

The third element in the weight buildup of the total engine is the 
remaining weight, which is shown as a ratio with the core engine weight in 
figure 6. The correlation, again with core airflow, is good and graphically 
demonstrates the significance of the subsystem weights to the total weight. 
These components tend to scale very little with size and, for smaller engines, 
become a greater weight factor than the core engine. The difference in the 
two curves, one for geared fan engines and the other for nongeared engines, 
reflects the gearbox weight. The weight tradeoff between geared turbofan 
engines and nongeared turbofans, which of course require more low-pressure 
turbine stages, can be addressed with these correlations and is presented in 
the Results section. 


ENGINE FRONTAL DIMENSIONS 


Engine Face Diameter 

A critical dimension in the engine is the diameter at the fan face. Even 
with low bypass turbofan engines this is the maximum diameter in the engine, 
and dictates much of the nacelle geometry. 

Axial Mach numbers do not vary widely at the engine face; 0.45 to 0.60 
is the approximate spread. Thus, the diameter can be calculated easily, 
knowing the airflow at sea-level static conditions and the hub-tip ratio at 
the face of the first stage of the fan (see appendix). 

Assuming 


A P 
flow F 


0.0698M 


1 

F (1 + 0.2M2)3 


Wffp 


( 10 ) 


(in English units the constant 0.0698 becomes 0.919) 
at sea-level static (P^ - 101,309 N/m^ (2116 Ib/ft^); Tp - 288 “K (519 ®R)), 



t - m 


-p (Wffp) 


( 11 ) 


e.g., at h/t * 0.38 and Mp ■ 0.5, Wag^g/^F “ 152.3 kg/sec/m^ (31.2 Ib/sec/ft^). 
Thus, the engine face frontal area and the fan diameter are computed directly 
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from the airflow. This relation is shown in figure 7 with lines of constant 
axial Mach number and actual engine data. 

Once again the hub- tip ratio becomes an important factor, and one can 
observe an obvious weight tradeoff in its selection. The fan weight increases 
with reduced h/t because of blade root stresses (figure 4). However, at 
smaller hub-tip ratios, the diameter of the engine is reduced, allowing a 
smaller nacelle size and both weight and drag reductions. This tradeoff is 
discussed in the Results section. 


Engine Core Diameter 


The diameter at the face of the engine core is not as critical a dimen- 
sion as that of the fan face, but it is used later to predict the length of 
the transition ducting from the fan exit to the face of the core. Unfor- 
tunately, this diameter is not as predictable because of the wider variation 
in the hub-tip ratio at the core face and the pressure and temperature rise 
between the fan and the core when booster stages are added in tie transition 
ducting. However, if one assumes that the axial Mach number at the face of 
the core is equal to that at the fan face, the following expression can be 
developed: 

Ac 1 - (l,/t)g Wap 

Ap 1 - (h/t)g Wap * Tp ff. 

The pressure and temperature rise at the core face is due to both the fan and 
booster stages, if there are any. Assuming an isentroplc efficiency of 86%, 
the following relationship can be easily computed. 


\ ^ 1 1 

Ap ■ 1 - (h/t)2 1 + B (Pj,/Pp)0-S35 


(13) 


To use this equation, estimate the hub-tip ratios and pressure ratio between 
the engine face and the core face from the appendix. 


Turbine Exit Diameter 

The turbine ex'*t diameter is used in the calculation of the number of 
turbine stages. The appendix details the calculation procedure, which is 
similar to that shown above except that pressure and temperature ratios must 
be computed across the whole engine. 

For turbojets, this dimension is the maximum engine diameter and thus is 
a factor in determining nacelle dimensions. For lov-bypass ratio turbofans 
having mixed flew nozzles, the fan exhaust ducting over the turbine may 
require a diameter larger than the fan face to avoid high subsonic internal 
Mach numbers. Again, nacelle dimensic.ns will be affected. Also, the turbine 
exhaust diameter is used to estimate t) « core nozzle length that is discussed 
in the nacelle geometry section. 
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ENGINE LENGTH 


f 


The calculation of engine length becomes somewhat more compliccted in 
high bypass ratio turbofan engines because of the need to red.e the diameters 
in the flow path going from the fan exit to the core. This region is often 
called the ”gocseneck,** To account for the length consistently, this paper 
divides the engine into four regions: fan stages (from the engine front 

flange to the face of the last fan stage); the gooseneck (from the face of the 
last fan stage to the face of the engine core); the core (from the face Oi the 
engine core to the rear flange of the high-pressure turbine); and the low- 
pressure turbine stages (from the high-pressure turbine exit to the rear 
flange of the engine, which includes any transition ducting between turbines). 
These regions are depicted in sketch (a). Note that by this definition the 
fan length goes to zero for a single stage fan. Including the final fan stage 
with the gooseneck avoids definition problems in trying to account for dif- 
ferent geometric design variations in splitting the flow into the core. 



Both the inlet and nozzle are considered in a later discussion of nacelle 
length. 


Fan Length 

In estimating the length of a multistage fan, the length per stage is 
considered. The first stages of several turbojet engine compressors are also 
included in the data shown on figure 8. The correlation of fan (compressor) 
length per stage is plotted against an effective engine face flow path diameter 
to Indicate scale size. The spread of the data in figure 8 is significant 
with the ratio of length to effective diameter per unit stage varying between 
0.18 and 0.32. A mean value of 0.25 would give a reasonable estimate, but the 
increased spacing between fan stages may be a design requirement for reduced 
fan noise. 


Gooseneck Length 

The length of the gooseneck is dictated primarily by the reduction in 
flow path diameter from the face to the core. The necessary turning of the 
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flow path must be carefully contoured to avoid local separat^.on and resulting 
total pressure losses. Frequently, engines are designed with fan exit guide 
vanes, or core booster stages located in the gooseneck. These additions may 
add to the length unless the flow is turned through these stages to rtiucc the 
flow path diameter. 

Figure 9 is a correlation that allows the gooseneck length to be calcu- 
lated once the fan face diameter and the core face diameter are known. As 
the core diameter increases relative to the fan d aneter (as with low bypass 
ratio turbofans), the gooseneck length — as defined here — approaches the 
length of a single fan stage, as noted on the figure. However, for the high 
bypass ratio turbofans, where the core diameter may be as low as one-third 
the fan diameter, the gooseneck length becomes significant. 

Two engines fall considerably outside the correlation band shown on 
figure 9. The study engine shown has an exit guide vane with all flow path 
turning after this vane; the production engine has several core booster stages 
in the flow path before diameter-reduction takes place. Thus, the approach 
taken by the engine designer can add significantly to the gooseneck length. 
However, there are definite minimum length limits represented by the lower 
side of the correlation band. 


Core Engine Length 

The length of the core engine correlates well with the log of the core 
compressor pressure ratio, as shown in figure 10. The square root of the 
core airflow indicates the scale size of the core. The log of the compressor 
pressure ratio relates the compression ratio to the number of compression 
stages, which has a direct bearing on the length of the core. 

Note that the three-spool RB211 turbofan engine falls below the trend 
line in the figure. Adding a third spool Improves compressor stage work in 
the high-pressure end of the compressor and thus reduces the number of com- 
pressor stages required. Such is the case for the RB211 engine; the effect 
on core engine length is reflected in figure 10. 


Low-Pressure Turbine Length 

The format for correlating the low-pressure turbine length is Identical 
to that for the fan: length per stage is plotted against the effective 

diameter at the turbine exit. The correlation is shown on figure 11; the 
spread of data, which is significant, is similar to that for the fan length 
per stage (fig. 8). Again, a ratio of low-pressure turbine length per stage 
to the effective exit diameter of 0.25 is an acceptable mean value estimate. 

There is some rational explanation for the data spread. low-pressure 

turbine length includes any transition ducting between the exi*- of the high 
pressure turbine and the low-pressure turbine entrance. However, the addition 
of the transition piece is at the option of the designer, as demonstrated by 
sketch (b). 
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TURaOFAN I 



-'H'-LPTh — 


TUR80FAN XL 





Sketch (b) 


Turbofan I has no interturbine transition piece, and the low-pressure turbine 
is designed with a constant hub diameter and constantly increasing tip diam- 
fters. Turbofan II has a transition piece and the tip diameter of the low- 
pressure turbine is constant with successively reduced hub diameters. These 
are two extreme examples. A shorter transition piece combining increasing tip 
diameter and reduced hub diameter is a common design approach. 

The tradeoff involved is minimum engine length versus higher turbine 
work per stage. Interestingly, the JT9D is an example of a Turbofan I, and 
the CF6 is an example of a Turbofan II. The turbine lengths plotted for these 
two engines in figure 11 reflect the design approach taken. 


NACELLE DIMENSIONS 


Calculation of the nacelle geometry is a necessary step to compute nacelle 
weights. In addition, nacelle geometry must be calculated to compute the 
external drag of the nacelle. Sketch (c) identifies the key dimensions used 
in this paper in defining the nacelle geometry for both short fan duct nacelles 
and long fan duct nacelles. To be consistent with the engine gcoiuCtry already 
presented, the critical dimensions that lead to the geometry of the nacelle 
are the fan and turbine diameters and the engine length (fan face of turbine 
rear flange). 

It is difficult to obtain consistent data to compare nacelle geometry 
and weights on existing production aircraft. Fortunately, a recently com- 
pleted NASA study (ref. 19) has done just that; with very few exceptions, all 
data shown for nacelle dimensions and weights are taken from that report. 

These data are tabulated in table 3. 
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SHORT FAN DUCT NACELLE 




Sketch (c) 


Inlet Length 

It is fairly straightforward to compute the length of the inlet based on 
the requirement to diffuse the engine airflow from the velocity at the inlet 
throat to the face of the engine. However, this is a critical region for the 
addition of acoustic treatment, and in the future, nacelle Inlets may be 
dictated more by this requirement than by airflow diffusion. 

The sketch (d) defines the factors needed to compute the inlet length. 

At takeoff, the inlet throat is typically sized for a lo^.al Mach number 
of 0.65 to 0.70. At the face of the engine, the Mach number is nominally 
0.50 (see fig. 7). However, for proper diffusion to minimize the combined 
effects of flow separation and wall friction, the effective diffusion cone 
angle should be approximately 7®. Thus, once the engine face hub-tip ratio is 
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specified (typically 0.36 to 0.40 — see appendix) then the ratio of length to 
diameter can be computed directly. 



Sketch (d) 


Wai^T 

AP 


= Wff , as defined previously with y = 1.4 


From continuity. 


From geometry 


Thus , 


t 


Ap Wffj L \t/ J 

Lj 1 - J(Wffp/Wffj)[l - (h/t)^]} 

> ■ I S I . 11 .-, , .... . I . 


1/2 


2 tan X 


typical case, assume 

Mj » 0.68, Wffj « 0.036 kg sec (0.48 lb ge,,) 

M,. » 0.475, Wff^ - 0.029 kg ^ec (0.38 lb ggc) 

F F 


(14) 


(15) 


(16) 


For a 


f 




^ - 0.38 
X = 7“ 


Then, 



0.721 


The data in figure 12 represent current nacelle designs. Since the 
parameters in the equation above can be juggled to change the inlet length to 
diameter ratio, and the spread of data is not surprising. As mentioned pre- 
viously, longer inlets are usually designed to reduce fan noise. 


Fan Cowl Length 

The fan cowl, by definition here, includes the portion of the nacelle 
that wraps around the fan and fan exhaust ducting ahead of the fan nozzle and 
thrust reverser. This definition is limited to the short fan duct nacelle 
only. For the long duct nacelle, the length of the engine defines this por- 
tion of the nacelle (see sketch (c)). 

The data in figure 13 relate the fan cowl length to the engine length. 
Note that the data group near a length-to-length ratio of 0.4. It is apparent 
that the design objective for the short duct nacelle is to enclose the fan 
flow to a point ahead of the maximum core diameter at the turbine. The thrust 
reverser-nozzle system then must extend far enough back to allow the fan flow 
to expand over the boattail of the core nozzle. 


Fan Thrust Reverser and Exhaust Nozzle Length 

Whereas the fan nacelle length is relatively predictable, the length of 
the fan thrust reverser is not, because the designer has some option in con- 
touring the core boattail, as shown by the two examples in sketch (e). 

Thus, the length Lpj^ is not very predictable, as demonstrated in 
figure 14. For the short fan duct nacelle, the ratio of the fan exhaust 
length to the fan diameter varies from <0.4 to >0.7. However, picking a 
nominal value such as 0.55 does not necessarily lead to unacceptable weight 
estimates, since the core cowl length Lq is computed as 

■■C ■ ’•E - 'S * 4x> 

Thus, a short estimate for the length Lp^ gives a long estimate for the 
length Lq and affects the nacelle weight estimate accordingly (see next 
section) . 
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Sketch (e) 

Data on figure 14 are also shown for the fan exhaust nozzle and thrust 
reverser on long duct nacelles. In reality, this is a mixed flow nozzle, and 
the ratio of the l=»r»gth to the diameter is longer to accommodate the mixing 
of the fan and core flows ahead of the nozzle. 


Core Thrust Reverser and Exhaust Nozzle Length 

7*.e final element in the buildup of the total nacelle length is the core 
eng^ le thrust reverser and exhaust nozzle. The data in figure 15 relate the 
Ici.gth of the core exhaust system to the diameter at the turbine exit. 
Although r.he amount of data is again limited, it appears that the length to 
diameter ratio is nominally 0.9 for an exhaust system having a core flow 
thrust re^^erser and 0.5 for one without a thrust reverser. 


14 


NACELLE WEIGHTS 




To account for total nacelle weight, the nacelle Is subdivided Into the 
cowling, fan exhaust system, and core exhaust system. Thus, the cowling 
Includes the Inlet cowl surface, the cowl surface covering the fan and fan 
exhaust ducting ahead of the fan nozzle and thrust reverser, and the exposed 
core cowl surface from the plane of the fan nozzle exit to the attach point 
for the core nozzle and thrust reverser. 


Surface area Is used to correlate weight, and, rather than Introduce 
the complexity of the actual nonaxlsymmetrlc shape of the nacelle, simple 
cylinders are assumed, using the fan diameter, the turbine diameter, and the 
lengths from the previous section. 


A 


surface-cowl 


- ('•I + 


(18) 


Cowl weight data are given in figure 16; a unit weight of 17.1 to 19.6 kg/m^ 
(3.5 to 4.0 Ib/ft^) appears reasonable. 


Similarly, the exhaust system weights can be estimated from surface area 
calculations. The lengths from the previous section are used, along with the 
fan and turbine diameters for the fan and core exhaust systems, respectively. 
The data are given in figure 17, a unit weight of 73.2 kg/m^ (15 Ib/ft^) is a 
representative va3.ue for estimation purposes. 


RESULTS 


This section demonstrates how the correlations that have been developed 
can be used in a model to estimate weights and the relative effect on nacelle 
drag. The model has deficiencies, and they are highlighted in the following 
discussion. 

Since airflow is the primary factor affecting engine weights with the 
correlations developed, a necessary step is the; calculation of specific 
thrust (thrust/airflow) at sea- level static standard day conditions. The fol- 
lowing list of cycles used in this section also lists the specific thrust for 
each. 


Cycle 

Bypass 

ratio 

Fan pressure 
ratio 

Overall pressure 
ratio 

Turbine inlet, 
temp, ®K (°R) 

Specific 

thrust 

1 

5.9 

1.56 

24.2 

1563 (2813) 

30.6 

2 

7.5 

1.32 

24.2 

1563 (2813) 

26.5 

3 

9.0 

1.20 

24.2 

1563 (2813) 

22.8 

4 

2.8 

..0 

24.2 

1563 (2813) 

38.2 

5 

3.2 

2.5 

24.2 

1563 (2813) 

39.1 

6 

4.3 

2.0 

24.2 

1563 (2813) 

35.2 

7 

5.0 

1.75 

24.2 

1563 (2813) 

33.4 
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Cycle 1 in the above table is the cycle for the General Electric CF6-6 
turbofan engine* This cycle, along with the flow-path geometry and Mach num- 
bers and fan and turbine tipspeeds of the CF6, was used as a calibration point 
for a computer program that calculates engine and nacelle weights, geometry, 
and nacelle drag. 

Figure 18 shows how this program estimates specific weight over a range 
of rated thrust from 44,480 to 222,400 N (10,000 to 50,000 lb). The CF6 
calibration point is noted and each of the three cycles^ shown scale simi- 
larly, increasing slightly with increased thrust rating. Based on the exper- 
ience with existing turbofan engines, it was anticipated that the low bypass 
ratio cycle engine would scale more strongly with size (see the first part of 
the section on Engine Dry Weight). Since this did not result, one must 
suspect that the model is deficient in predicting the weight of low bypass 
ratio turbofans. The probable source of error is the scaling of core weight 
with airflow (fig. 5). 

Also note in figure 18 that two curves are shown for the high bypass 
ratio (9) engine. One curve used a turbine work factor limit of 2.0 (see 
appendix) and an unusually large number of low pressure stages was computed 
(15). The second curve is the result of increasing the turbine work factor 
to 3.5.^ This reduced the number of low-pressure turbine stages to nine, 
a more reasonable, but still high, number. 

An alternative to many low-pressure turbine stages is a gearbox between 
the fan the low-pressure turbine. As a rule of thumb, turbofan engines with a 
a cycle having a bypass ratio of 9 or greater should be geared to avoid weight 
penalties due to an excessive number of turbine stages. Since the remaining 
engine weight (fig. 6) reflects engines with and without a gearbox, the engine 
weight model was used to test this rule of thumb. The results, shown on 
figure 19, indicate that the weight tradeoff becomes favorable for a geared 
fan at a bypass ratio much lower than 9.0. Note that several different con- 
ditions for the bypass 9.0 nongeared engine are shown: (1) fan tipspeed held 

constant at the CF6 value (437 m/sec (1436 fps)), (2) tipspeed according to 
figure 22 (271 m/sec (890 fps)), (3) low-pressure turbine work factor 
increased from 2.0 to 3.5 (maximum). The cycles are noted by number on the 
figure. The number of fan stages and low-pressure turbine stages for each 
are as follows: 


^The CF6 fan and turbine hub-tip ratios and Mach numbers and turbine 
work factor were held constant for each cycle. However, fan tipspeed varied 
with fan pressure ratio, as shown on figure 22 in the appendix. 

^This high work factor would lead to very high swirl in the flow at the 
turbine discharge. A fixed stage of stators (**half stage”) would probably be 
required to straighten out the flow. This has not been considered in the 
weight comparisons. 
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Cycle 

Fan stages 

(geared and nongeared) 

LPT stages 

Nongeared Geared 

1 

1 

5 3 

2 

1 

6 2 

3 

1 

6 2 

4 

3 

3 A 

5 

2 

3 3 

6 

2 

4 3 

7 

2 

4 3 

3' 

1 

15 

3" 

1 

9 


The CF6 calibration point is once again noted and the disturbing result 
is that the geared engine weight appears to be estimated too low. It r.hould 
be pointed out that the engine data base from which these correlation^* were 
developed have no geared engines with a bypass ratio less than 9.0. With 
high bypass ratio engines » the gearbox is housed in the cavity inside the 
fan hub and gooseneck, with no apparent penalties to frame or bearing design. 
As the bypass ratio is reduced, this may not be the case, and weight penalties 
may result due to special installations for the gearbox. In any event, the 
geared turbofan engine weights predicted by the computer model are suspect. 

The nacelle weight and cruise drag are shown on figures 20 and 21, 
respectively. These data are consistent with the nongeared engines of 
figure 19 (cycle 3 for bypass ratio 9.0). A well-defined break occurs in 
figure 19 where the number of fan stages changes. These breakpoints show up 
in the nacelle weight and drag curves as well, although smoother curves have 
been faired. In general, as the bypass ratio increases, cowl weight increases 
slightly and there is a marked tradeoff between the weight of the fan exhaust 
system and the core exhaust system. The net result is a modest increase in 
nacelle weight with higher bypass ratio and a rather significant increase 
in nacelle cruise drag. 


CONCLUDING REMARKS 


The objective of this study was to present a methodology that is reason- 
ably detailed in the prediction of propulsion system weights and dimensions. 
The type of propulsion addressed is limited to subsonic turbofan engines 
installed in pod- type nacelles. Although detailed, the methodology is general 
enough to provide the proper weight and dimension trends with different turbo- 
fan cycles without resorting to detailed layouts of the engine flowpath. 

In the opinion of the authors, this objective can be met, but the 
methodology presented here falls short of doing so. One obvious shortcoming 
in retrospect is the over-reliance on factors that affect blade stress when 
correlating fan and low-pressure turbine weight. This approach addresses 
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the blades, disks, and hub of the rotating machinery, but ignores the fact 
that the component weight also includes stators, frames, shafts, and bearings 
Thus, a more accurate model may have to distinguish between rotating and non- 
rotating elements of each component to estimate weight properly. In addition 
it may be necessary to distinguish between the fan and the low-pressure tur- 
bine and not treat the two as one component when correlating weight. With 
the correlation presented in this paper, a turbine stage is equated equally 
with a fan stage. This certainly is not true for high bypass ratio engines, 
which have very large fans with respect to any other component in the engine. 
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APPENDIX 




This appendix summarizes turbofan engine design data needed to compute 
the correlation factors for fan weight, core weight, and several dimensional 
parameters. Data for both production engines and several of the QCSEE study 
engines are used, as noted in the tables. 

Table 4 presents diameters, hub-tip ratios, and tipspeeds for the fan 
face, high-pressure turbine face, and low-pressure turbine exit. These data 
were gleaned from a variety of sources and in some cases were approximated 
from available engine layouts. The face hub-tip ratio is used directly in 
the correlation for fan weight, and a value of 0.-» j 0.45 is a representa- 
tive value. Fan tipspeed is also used directly in the fan weight correlation, 
and figure 22 shows how this parameter tends to vary with fan stage loading 
(pressure ratio). A clear distinction bewteen single stage and multistage 
fans is evident. The only exception in the trends is the relatively high 
tipspeed shown for the single stage fan JT15D, which is a much smaller engine 
than all others listed in this appendix. 

Table 5 shows pressure ratios and numbers of stages for both fans and 
compressors. This in turn leads to a calculation of pressure rise per stage, 
which is also shown. In the compressor, a pressure rise per stage of 1.2 is 
representative of current turbofan engine compressor design. 

Tables 6 and 7 show the parameters used in computing average stage load- 
ing for the high-pressure and low-pressure turbines, respectively, and table 8 
shows parameters used to compute the low-pressure turbine exit Mach number. 

An estimate of average stage loading is a necessary step in computing the 
number of turbine stages. 


Calculation of the Number of HPT Stages 


The calculation of the number cf high-pressure turbine stages is 
straightforward, assuming the tipspeeds and hub- tip ratios are known. From 
table 6, values of 427 m/sec (1400 ft/sec) and 0.86, respectively, are repre- 
sentative. A rule of thumb that applies well for high-pressure turbines is 
that the average stage-loading parameter should not exceed a value of 2. Thus,^ 


AHjjpt 


72n 


J. 

STG 

A < 2.0 

(Al) 


"»HPT .. 1 

(A2) 

'STG “ 

v2 A 

HPT HPT 


With ^ « 2.0, round this calculation to the next highest integer, e.g., 
Nstg * 1.2 -► NgjQ » 2. Note that 

^In English units multiply AHjjpTCBTU/lb) by gJ - 32.2 x 778. 
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Ni 




AH. 


AH, 


HPC 


HPT 1 + f 


V + V 
TIP HUB 




HPT 


(A3) 

(A4) 


Calculation of Number of LPT Stages 

The calculation of the low-pressure turbine stages Is somewhat more 
complicated for nongeared turbofan engines because the tlpspeed of the fan 
governs the tlpspeeds In the LPT. Again, the average stage loading parameter 
A Is assumed and frequently Is greater than 2.0 (table 7). 

^\PT 1 
N, 




LPT 


With 


(A5) 


^\PT “ 1 + f 


1 + h/t 


V » V 
^LPT TIP 


LPT 


LPT 

It is the calculation of that adds to the complexity 

^^LPT 


TIP 


LPT 
\PT 


LPT 

TIPp Dp 


TIP, 


LPT 


F 1 1 + f ^ 


Ap r 1 + B 1 - (h/t)2p^ 


for 


(A 6 ) 

(A7) 


(A 8 ) 


(A9) 


Mp - 0.5, Wffp • 0.030 kg "K^/2/N sec (0.39 lb "R^/^/lb sec) (y ■ 1.4) 
for 

- 0.4, Wff,^^ - 0.026 kg (0.335 lb (y . 1 . 35 ) 

(P//T), 


r = 


^PT 


(AlO) 
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For clarification use the following stations: 
1 fan face 

4 high-pressure turbine inlet 

6 low-pressure turbine exit 


r 



p p 

li IJl 

p p 
4 1 



(All) 


Turbine inlet temperature and the overall pressure ratio OPR are 

specified for the engine. Thus, T4/T1 - T4(®K)/288; P4/P1 - 0.96 OPR 
(accounts for combustor pressure drop). 

T^(“K) 

" 288 

— » 0.96 OPR (accounts for combustor 
pressure drop) 


Tg (l/rig)(0PR°-27 - 1) + (B/np)(FPR°-286 . i) 

T; “ ^ (1 + f)(T4/Ti)n«(C /C ) 

T C 

typical value of C /C - 1130/1005 - 1.12 (0.27/0.24 - 1.12) 


(A12) 


This parameter cannot be calculated In a simple closed form without Intro- 
ducing a significant error due to the changing gas properties during the 
turbine expansion. The series of curves In figure 23 represent this function 
for * 0.90. The hub-tip ratios can be estimated from tables 6 and 7. 




0.45 



0.55 - 0.60 
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Although this calculation appears formidable, it lends itself to a simple 
computer program. Obviously, the problems arise from selecting the proper 
geometric Inputs. 

For geared fans, the calculations of LPT stages revert to the simpler 
form for the HPT since LP turbine tipspeed can be set Independently from the 
fan tipspeed. Note the higher LPT tlpspeeds for the geared fan engines listed 
in table 6. 
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TABLE 4.- FAN AND TURBINE DATA 
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TABLE 5.- FAN AND COMPRESSOR STAGE PRESSURE RATIOS 


Engine 
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Compressor 

FPR 
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1.298 


^Number of stages includes boost stages from fan rotor as 
well as compressor and high pressure compressor stages. 




TABLE 6.- HIGH-PRESSURE TURBINE AVERAGE STAGE LOADING 
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TABLE 7.- LOW-PRESSURE TURBINE AVERAGE STAGE LOADING 
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Figure l.“ Turbojet engine specific weights. 
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Figure 2.- Turbofan engine specific weights. 
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Figure 5.- Core engine weights. 
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Figure 8.- Fan length per stage. 
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Figure 10.- Core engine lengths. 
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Figure 15.- Core exhaust system lengths 
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Figure 19.- Predicted engine weights: geared vs nongeared. 
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Figure 20.- Predicted nacelle weights. 
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FAN STAGE PRESSURE RATIO 
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Figure 23 .- Turbine pressure ratio 



